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Very recently we revealed a large family of triangular lattice quantum spin liquid candidates named
rare-earth chalcogenides, which features a high-symmetry structure without structural/charge dis-
orders and spin impurities, and may serve as an ideal platform exploring spin liquid physics. The
knowledge of crystalline electric-field (CEF) excitations is an essential step to explore the fundamen-
tal magnetism of rare-earth spin systems. Here we employed inelastic neutron scattering (INS) and
Raman scattering (RS) to carry out a comprehensive CFE investigation on NaYbSe2, a promising
representative of the family. By comparison with its nonmagnetic compound NaLuSe2, we are able
to identify the CEF excitations at 15.8, 24.3 and 30.5 meV at 5K. The selected cuts of the INS
spectra are well re-produced with a large anisotropy of g factors (gab : gc ∼ 3 : 1). Further, the CEF
excitations are explained well by our calculations based on the point charge model. Interestingly,
NaYbSe2 exhibits an unusual CEF shift to higher energies with increasing temperatures, and the
Raman mode close to the first CEF excitation shows an anomalously large softening with decreas-
ing temperatures. The absence of the anomalies in NaLuSe2 clearly demonstrates a CEF-phonon
coupling not reported in the family. It can be understood in term of the weaker electronegativity
of Se. The fact that the smallest first CEF excitation in the sub-family of NaYbCh2 is ∼ 180K
(Ch=O, S, Se), guarantees that the sub-family can be strictly described with an effective S=1/2
picture at sufficiently low temperatures. Interestingly the CEF-phonon coupling revealed here may
present alternative possibilities to manipulate the spin systems.
INTRODUCTION
Quantum spin liquid (QSL) is a novel quantum spin-
entangled state breaking no symmetry even at zero
temperature[1, 2]. The idea of QSL was proposed by
P.W Anderson in 1973 and then applied to high tem-
perature superconductivity[3, 4]. A lot of theoretical ef-
fort has been contributed to the exotic state since then.
X.G.Wen made a topological classification for QLSs on
the mean-field level[5]. In 2006, Kitaev proposed an ex-
actly solvable model on a spin-1/2 honeycomb lattice,
which inspires topological quantum computing based on
strong spin-entanglement of QSL[6].
Meanwhile, much effort has also been made on the
material side. Herbersmithite is a famous QSL candi-
date with 3d spin-1/2 Cu2+ ions sitting on the kagome
lattice[7, 8], while the anti-site mixing between Cu2+ and
Zn2+ ions remains a key issue in uncovering the intrinsic
properties of the spin ground state. We turned to strong
spin-orbital (SO) coupling and discovered the rare-earth-
based QSL candidate YbMgGaO4, which possesses a per-
fect spin triangular lattice and and rules out the anti-site
mixing, spin impurities and Dyaloshinski-Moriya interac-
tion [9, 10]. A series of experiments down to milikelvins,
such as thermodynamic measurements, muon spin relax-
ation (muSR) and INS etc., consistently suggest a gap-
less QSL ground state[10–14]. On the other hand, it was
concerned that the charge disorder between Mg/Ga in
YbMgGaO4[15] may have influence on the spin channel.
The idea of strong SO coupling continuously leads us
to reveal a large family of rare-earth-based QSL candi-
dates ARECh2 (A=Alkali or monovalent ion, RE=rare
earth, Ch=chalcogen)[16]. The family shares the same
high symmetry with YbMgGaO4 and inherits almost all
the advantages of it but naturally removes the issue of
charge disorder. Most excitingly, the family has a huge
diversity of members and the preliminary results show
that the antiferromagnetic (AF) exchange coupling is im-
proved by at least one order of magnitude compared to
YbMgGaO4. These enable the family as a unique and
ideal playground for spin liquid study.
The exploration on the sub-family of NaYbCh2
(Ch=chalcogen) has been launched[16–28]. The knowl-
edge of the CFE excitations is an essential step to look
into the fundamental magnetism of the family. Among
the NaYbCh2 members, NaYbSe2 is of particular inter-
est since it shows a distinct QSL signature and an ap-
propriate charge gap (∼ 1.92 eV) which is crucial to
the metallization and material engineering[16]. Another
interesting issue is the essential influence of the ligand
anions on structural and magnetic properties, for which
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2FIG. 1. Upper panel: INS spectra of NaYbSe2 measured with different incident neutron energies at 5K. Lower panel: INS
spectra of non-magnetic NaLuSe2 for comparison.
we expect to find some key clues by investigating the
CEF excitations of NaYbSe2. At present we are able
to grow NaYbSe2 single crystals with the largest dimen-
sion (∼ 20mm) among the sub-family members. This
makes single-crystal neutron scattering experiments pos-
sible and it is highly required to figure out the CEF ex-
citations of NaYbSe2 before inelastic neutron scattering
experiments.
In this paper, by applying INS and RS to NaYbSe2 and
its nonmagnetic reference compound NaLuSe2, we made
a comprehensive investigation on the CEF excitations
in NaYbSe2 that revealed an unusual CEF-Phonon cou-
pling. Three CEF excitations, at 15.79meV, 24.33meV
and 30.53meV, are probed at 5K by INS experiments,
and further confirmed by RS experiments. Our simula-
tions well re-produce the selected cuts of the INS spectra
and we employed the point charge model to calculate the
CEF excitations which are consistent with the experi-
mental ones. Both INS and RS experiments demonstrate
that the CEF excitations unexpectedly shift to higher en-
ergies with increasing temperatures. Moreover, the Ra-
man phonon mode very close to the first CEF excitation
is significantly softened with decreasing temperatures
and its width also shows an abnormal behavior, while
the anomalies completely disappear in NaLuSe2. These
allow to identify a CEF-phonon coupling in NaYbSe2.
The phonon anomalies as well as the unusual CEF tem-
perature dependence, can be explained in term of the
electronegativity of chalcogen elements.
EXPERIMENTAL TECHNIQUES
The high-quality single crystals of NaYbSe2, as well
as the nonmagnetic NaLuSe2, were grown using a NaCl-
flux method. The single crystals with the dimensions of
5mm × 5mm were used in RS experiments. The poly-
crystalline NaYbSe2 and NaLuSe2 were synthesized by
the high-temperature solid state reaction and were char-
acterized to be single-phased[16]. ∼5g powder sample
of NaYbSe2 and ∼3g powder sample of NaLuSe2 were
used in INS experiments (See supplementary materials
for details). The INS data on NaYbSe2 and nonmag-
netic reference compound NaLuSe2 were collected using
the high flux and high resolution time of flight spec-
trometers, MAPS, at the ISIS pulsed neutron facility,
Rutherford Appleton Laboratory, U.K. The energy- and
temperature-dependence of data were obtained. The
powder samples were loaded in a cylinder Al-can with
an inner diameter of 30mm. The closed cycle refriger-
ator (CCR) was used to cool the samples to a based
temperature of 5K with He-exchange gas. The Raman
spectra were collected using a HR800 (Jobin Yvon) and
T64000 (Jobin Yvon) equipped with a 633nm and 473nm
laser, charge-coupled device(CCD) and volume Bragg
gratings. After cleavage, the single crystals of NaYbSe2
and NaLuSe2 were placed in a closed-cycle cryostat for
Raman experiments. Backscattering configuration was
employed and the polarizations of both incident and scat-
tering light lie in the ab plane.
CEF EXCITATIONS AND INELASTIC
NEUTRON SCATTERING
The INS spectra for NaYbSe2 with the incident neu-
tron energy Ei =19.3, 27.7, 50.0, 70.0 and 150.0 meV
at 5K are shown in Fig. 1 (upper panel). Three exci-
tations can be clearly seen at 15.8, 24.3 and 30.5 meV,
respectively. For comparison, the INS spectra of non-
magnetic reference sample NaLuSe2 are also shown here
(lower panel of Fig. 1) and only weak phonon excita-
tions are observed. We have the similar observations
in Raman experiments. In Raman channel, the excita-
3FIG. 2. (a)∼(e) are the INS spectra for NaYbSe2 measured with the incident neutron energy Ei = 50 meV at selected
temperatures. (f)∼(j) are the cuts of INS intensity versus energy corresponding to (a)∼(e). The data in (f)∼(j) are obtained
by integrating over the wavevector space from 0 to 3 A˚−1 (green dots). The fitting curves (red lines) are given by multiple
iterations with initial CEF parameters calculated from the point charge mode. In (a)∼(e) and (f)∼(j), the fitted 1st, 2nd and
3rd CEF excitations of Yb3+ are highlighted by dashed red lines. The dashed green lines above 100 K mark Eg phonon mode
which is identified in Raman experiments.
tions are observed in NaYbSe2 while they are absent in
NaLuSe2. The observed excitations exhibit the moment-
independence and their absence in NaLuSe2, which rule
out the phononic origin of them, and hence can be un-
ambiguously identified as the CEF ones.
It is interesting that the first CEF excitation of
15 meV(∼ 185K) is smaller than that of YbMgGaO4
(39meV, ∼ 480K)[15] and that of NaYbO2 (36meV, ∼
440K)[19]. It suggests that the larger Se-Yb bond length
and the weaker electronegativity of selenium effectively
reduce the CEFs at Yb ions. The first CEF excitation
sets a fundamental energy scale for studying the mag-
netism of NaYbSe2 and allows to make a relatively accu-
rate Curie-Weiss analysis.
Fig. 2 demonstrates the temperature dependence of
the CEF excitations. The cuts of the integrated spectra
in the ranges of low wavevector (0 ∼ 3 A˚−1) and high
wavevector (3 ∼ 5 A˚−1) are shown in Fig.2(f) ∼ 2(j).
There are several points we can draw from the spectra.
(i) The intensity of the three CEF excitations decrease
with |Q|. This can be explained by the magnetic form
factor F (|Q|) related to magnetic ions in the differential
neutron scattering cross section. We calculated the mag-
netic form factor F 2(|Q|) as a function of |Q|, and found
that the scattering intensity decreases with increasing
|Q|, consistent with the observations here (See supple-
mentary material).
(ii) The intensity of the CEF excitations decreases
with increasing temperature. This simply comes from
the population factor and thermal broadening and the
similar behavior has been also seen in YbMgGaO4[15]
and NaYbS2[17].
(iii) Most interestingly, the CEF excitations exhibit a
slight but clear shift to higher energies with increasing
temperatures. Our Raman experiments also catch the
shift (Fig. 4). This unusual temperature dependence
was not observed in YbMgGaO4[15] and NaYbS2[17].
The temperature-dependent CEF excitations are quite
unusual. This seems related to the larger radius of Se
anion or its weaker electronegativity. At lower tempera-
tures, there is a larger overlap of electron cloud between
Yb and Se, which reduces the effective charges of Se an-
ions and hence gives rise to the lower CEF levels based
on the point charge model. With increasing tempera-
tures, the general lattice expansion slightly but continu-
ously enlarges the bond distance between Yb and Se and
reduces the electron cloud overlap between them. This
slightly enhances the ionicity of the compound and raises
the effective charge of Se, and consequently lifts the CEF
levels in a small amount. The thermal broadening of the
CEF levels at higher temperatures actually makes the lift
obscure, as observed in neutron experiments.
(iv) The first CEF energy level above 100 K devi-
ates from the fitted one (FIG. 2(f) ∼ 2(j)). This may
be related to the coupling between CEF excitations and
phonons. The CEF excitations move towards high en-
ergy with increasing temperatures, while the coupling
enables an energy exchange between the first CEF ex-
citation and phonons which are very close in energy (See
below). Eventually the first CEF excitation exhibits a
smaller shift with temperature compared to the second
and third excitations. The effect is also seen by RS ex-
periments (See below). In the reference sample NaLuSe2,
only one broad peak has been observed and the its posi-
4tion decreases with increasing temperatures(See supple-
mentalary material). It can be identified as a phonon
mode through our RS experiments.
We have determined the CEF parameters by carefully
fitting the cuts of INS spectra in the range from 0 to
3 A˚−1. The fitting details and the the extracted CEF
parameters can be found in the supplementary materi-
als.The CEF parameters can be calculated by using for-
mulas (See supplementary material). The calculated g-
factors are shown in the panel of Fig. 2(f) ∼ 2(j). The
ratio of gab−plane to gc−axis is ∼ 3:1, close to that in
NaYbO2 and NaYbS2[17, 18]. This indicates that the
sub-family AYbCh2 has a systematic and strong mag-
netic anisotropy, which is much less in YbMgGaO4 where
the ratio is close to 1[9]. The difference may stem from
the charge imbalance of different cations between Yb3+
layers[29].
We have calculated the CEF levels in NaYbO2,
NaYbS2 and NaYbSe2 using the point charge model (See
supplementary materials), and made comparison with
the experimental ones (Fig. 3). Generally the CEF levels
decrease with the radii of O,S and Se as expected. One
can see a good agreement between experiments and cal-
culations for the first CEF level. The calculated first CEF
levels are ∼39.7 meV (NaYbO2), ∼20.2 meV (NaYbS2),
and ∼ 16.52 meV (NaYbSe2), and the experimental val-
ues obtained from INS measurements are 34.8meV [19],
17 meV[17], and 15.8 meV, respectively. It implies that
the ionic crystal picture still works well even for the
case with larger selenium anions. When we look at the
second and third excitation levels, there is a relatively
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FIG. 3. (a) Crystal structure of AYbCh2(Ch=O, S, Se). (b)
Experimental CEF excitation energy levels extracted from
INS experiments (solid lines) and the calculated ones based
on the point charge model (dashed lines).
large discrepancy between the experimental and calcu-
lated ones. Reducing the discrepancy actually requires a
higher-order and accurate description on the CEF envi-
ronments. The results also suggest that though the mag-
netism in the QSL candidates is dominated by rare-earth
magnetic ions, the surrounding coordination anions(O, S
and Se etc.) and the cations between magnetic planes
have impact on spin states.
CEF-PHONON COUPLING AND RAMAN
SCATTERING
Fig. 4 shows Raman spectra of NaYbSe2 and NaLuSe2.
The crystal symmetry R− 3m allows two Raman-active
phonon modes Ag + Eg. Symmetry analysis indicates
that [Ag] mode is visible only in the parallel polarization
configuration while Eg mode can be observed for in both
parallel and cross polarization configurations. The two
modes can be clearly identified with the polarized spectra
in Fig. 4(a) and 4(b).
Besides the Raman modes, two weaker bands appear
at 217 and 277 cm−1 in the spectra of NaYbSe2. The fre-
quencies exactly match the 2nd and 3rd CEF levels given
by INS measurements. And the bands completely disap-
pear in NaLuSe2. Therefore, the two bands can be safely
assigned to the CEF excitations. In fact, Raman scat-
tering is a unique method to probe CEF excitations and
has been applied to many rare-earth-based spin systems
Tb2Ti2O7[30–32]. It is worth noting that the intensities
of the two bands are quite different in the parallel and
cross polarization configurations. This may be related to
the strong anisotropy in NaYbSe2.
There are several obvious anomalies in the Raman
spectra of NaYbSe2: 1) phonon mode broadening; 2)
asymmetric lineshape of Eg mode; 3) particularly Eg
mode shows a completely unusual softening with de-
creasing temperatures (Fig. 4(d)), and its width also
has an abnormal temperature dependence (Fig. 4(e)).
In contrast, all the anomalies are absent in the non-
magnetic reference compound NaLuSe2. This unambigu-
ously points to a magnetic origin. Spin-phonon coupling
can be ruled out, because the broadening and asymme-
try of Eg mode already exist even at room temperature
which is almost one order of magnitude larger than ex-
change coupling. Thus we can identify that the anomalies
stem from the CEF-phonon coupling. This is strongly
supported by the fact that the energy scales of the CEF
excitations exactly overlap with phonon frequencies. Par-
ticularly for Eg mode, its frequency is very close to the
first CEF level, though the first excitation is too weak to
be observed in Raman channel perhaps due to its quite
large broadening as seen in INS measurements (Fig. 2).
The CEF-phonon coupling has been reported in many
rare-earth compounds [30, 32, 33]. It may provide alter-
native possibility to tune the CEF excitations and the
5FIG. 4. Polarized Raman spectra for NaYbSe2 (a) and NaLuSe2 (b). XX and XY represent parallel and cross polarization
configurations, respectively. (c) and (f) are the temperature-dependent Raman spectra of NaYbSe2 and NaLuSe2, respectively,
and the Raman shift and half widths at half-maximum (HWHM) of Eg mode are shown in panle (d), panle (e) and panle (g),
panle (h).
magnetism of the rare-earth spin system.
The CEF-phonon coupling is considered to share the
similar origin resulting in the unusual CEF temperature
dependence as discussed above, and involve the degener-
acy of the first CEF excitation and Eg mode. The larger
electron cloud overlap between Yb and Se in principle
gives rise to a CEF-phonon coupling. The coupling in
NaYbSe2 is dramatically magnified by the resonance-like
effect, which originates from the fact that the first CEF
excitation and Eg mode are very close in energy. More
precisely, the first CEF excitation is only ∼ 1 meV higher
than the phonon energy at room temperature. With de-
creasing temperatures, the phonon frequency normally
goes up while the first CEF level goes down as discussed
above. The tiny energy discrepancy will be immedi-
ately filled and the resonance-like effect occurs. Gener-
ally the effect splits the resonance energy into the lower
(phonon) and upper (CEF) branches. This effectively
gives a phonon softening. The first CEF level seems to
be dominated by the enhancement of Se electronegativity
and remains decreasing with lowering temperatures.
CONCLUSION
The CEF excitations of Yb3+ in NaYbSe2 have been
comprehensively studied using INS and Raman experi-
ments and by comparison with non-magnetic reference
sample NaLuSe2. Three CEF excitations are observed
by INS experiments and the cuts of INS spectra are well
simulated to extract the CEF parameters. Based on the
point charge model, we are able to reproduce the CEF ex-
citations of NaYbO2, NaYbS2 and NaYbSe2, which are
well consistent with the existing experimental observa-
tions.
Despite the common characteristics of the sub-family
NaYbCh2, NaYbSe2 exhibits some unique features in
the CEF excitations compared to NaYbO2 and NaYbS2.
One is that the observed CEF excitations show an inter-
esting shift to higher energies with increasing tempera-
tures. This is naturally understood in term of electroneg-
ativity. Another one is the obvious CEF-phonon cou-
pling. The comparison of INS spectra of NaYbSe2 and
NaLuSe2, allow us to identify a phonon mode around 15
meV, which is very close to the first CEF excitation of
NaYbSe2. We double-checked the CEF excitations and
the phonon mode in Raman channel. Surprisingly, the Eg
phonon mode close to the first CEF excitation shows a
large softening with decreasing temperatures, while the
same mode in NaLuSe2 has a normal hardening. The
contrast is a clear demonstration of CEF-phonon cou-
pling. The unusual CEF temperature dependence stems
from the weaker electronegativity which, combined with
the resonance-like process, also explains the anomalous
phonon softening.
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